The initiation of dynamic recrystallization duringhot deformation,i ts kinetics according to the Johnson-Mehl-Avrami-Kolmogorovmodel, and the resultant grain refinement in the Mg-3Gd-1Zn magnesium alloywerestudied to elucidate the mechanism of dynamicr ecrystallization and the opportunities it offers duringh igh-temperature thermomechanical processing of this heat resistant light alloy. The necklace mechanism was found to be responsible for the noticeable grain refinement, duringwhich the mean recrystallized grain size varied slightly.These results were further confirmed based on the kinetics analysis.
Introduction
Polycrystalline magnesium alloys become ductile at elevated temperatures, at which non-basalslip can become operative. Therefore, deformation at elevated temperatures can be considered as asuitable processing route for magnesium alloys [1 -4] . Owing to its influence upon the structural refinement, hot working under the dynamicrecrystallization (DRX) condition is an indispensable toolf or grain refinementa nd enhancement of the propertieso fm agnesium alloys [1, 3] . Therefore, investigating the DRX kineticsand the resultant grain refinementisanessential step in the practical thermomechanical processing of these alloys. In the current work, the kinetics of DRX and the evolution of DRX grain size duringd eformation willb e analyzed foranew creepresistant Mg alloy with rare earth addition, i. e. GZ31 (Mg-3Gd-1Zn), to pave the way for further application of thismaterial.
Experimental details
The Mg-3Gd-1Zn alloywas prepared from high purity Mg, Zn, and an Mg-30Gd mastera lloy. After homogenization and hot rollingoperations, specimens with height of 8mm and diameter of 5mmw ith compression axis parallel to the transverse direction of rolling werep repared for hot compression tests at the temperature of 500 8 Cunder the initial strain rateof0.1 s -1 ,which were interrupted at various strains in the range of 0.08 -0.8 to study the kinetics of DRX.M icrostructural examination was carried out on the longitudinal sections after etching the quenched samples in as olution containing 100 ml ethanol, 2.5 gp icric acid, 25 ml aceticacid and 25 ml water.
Results and discussion
The obtained flow curves are shown in Fig. 1 . As can be seen, the material exhibited typical single-peak DRX behavior and these curves at differentstrains show asomewhat similar trend, which is an indication of the appropriateness of the deformed samples to represent the same deformation condition of 500 8 C-0.1s -1 .T he work hardening rate vs. true stress curve is also shown in Fig. 1 . The presence of a clear inflection point before the peak point of the flow curve is evident, which can be related to the initiation of DRX [5, 6] . These analyses were performed on the flow curves at variouss trains to find the values of the critical stress and strainf or the initiation of DRX. Accordingly, the corresponding critical strain values( e C )w ered etermined to be in the range of 0.13 -0.18. The critical strain for the initiation of DRX could also be determined and/or verified by metallography. The microstructure of the sample deformed to astrain of 0.16 is also shown in Fig. 1and indicatesthat the DRX process has already initiated at this strain level. Therefore, the valueof e C =0.13 was taken for further analysis. These results show that the method based on the inflection point is an appropriate choice to detect the onset of DRX but if combined withmicrostructural analysis, more precise results can be expected.
The microstructural evolution and the change in the DRX grain size during hot deformation are showninFig. 2. The microstructures reveal that the necklace mechanism has been underway and nucleation has occurrede ssentially along existing grain boundaries. The growtho fe ach grain has been stopped by the concurrent deformation, as is evident from the nearly similar average sizes of DRX grains at differents tages of deformation. These findings are consistent withthe results reported by Sah et al. [7] for nickel. The observed behaviorc an be mainly ascribed to the increase in dislocationdensity of the new DRX grains and reducing the driving force for their further growth. Nucleation of further grains at the migrating boundariesseems to be an additional growthi nhibition factor [8] . The DRX process has continued until the completion of the first layer of necklace structure to covert he entire grain boundary. Afterwards, the subsequent layers have formed at the recrystallizationfrontbetween the recrystallized and unrecrystallized portions, as can be clearly seen in the microstructure at the strain of 0.8. The grain size distribution histograms for DRX grains, showninFig. 2, indicate that by the progress of DRX, the frequency of verysmall DRX grains decreases and the histograms move toward coarser recrystallized grains. However, the average DRX grain size doesn ot change so much and varies between 9.2to14 l m, showing amagnificent grain refinementwhen compared with the initial average grain size of * 174 l m. It should be noted that after reaching the steady-state stress, which is the case for the straino f0 .8 in Fig. 1 , DRX is not 100 %c omplete (Fig. 2) . This shows that for the achievement of steady-state in the flow stress, an early completeD RX microstructure might be enough. Figure 3a showst he recrystallized fraction( X )v ersus true strain, which has the well-knownsigmoidal shape. To investigate the kinetics of this process,itisessential to consider recrystallization time ( t ). Therefore, the critical strain for initiation of DRX should be assigned to the start of recrystallization process ( t =0). The recrystallization time was calculated accordingtostrainrate formula of the form _ e ¼ðe e C Þ = ð t 0 Þ .A saresult, t ¼ðe e C Þ = _ e .T he DRX may be considered as as olid state transformation and its kinetics can be modeled by the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation [9] as follows: where n and k are terms associated with the nucleation mode and the nucleation and growth rates, respectively. By consideration of e C =0.13, the recrystallized fraction versus recrystallizationt ime is plotted in Fig. 3b , which can be used to estimate the kinetics of DRX in GZ31 alloy for the considered deformation condition in this work. It follows from Eq. (1) that the plot of lnf lnð 1 = ð 1 X ÞÞg vs. ln t can be used to determine the values of n and k as shown in Fig. 3c . The value of n was determined as 1.1. This low Avramiexponent, which is * 1, is an indication of nucleation on the interfacial surface of grain and twin boundaries (as showninFig.2), for which al arge number of growing nucleiresults in the single-peak behavior and intense grain refinement [10] .
Conclusions
In summary, the DRX kinetics and the resulting grain refinement in the GZ31 magnesium alloy during hot compression weres tudied and it was found that the DRX process was responsible for intense grain refinement. The DRX fractionwas found to increase in asigmoidal fashion and the mean DRX grain size varied slightly as recrystallizationp roceeded.T he DRX kinetics were modeled by the JMAK equation and an Avrami exponent of 1.1 was determined, which is an indication of the single-peak flow behavior and grain refinement by necklace mechanism.
